By progressing of time, the effectiveness and importance of smart weapons become more obvious. Among the wide varieties of known smart weapons, guided bombs are of special interest since they enable precise destruction of enemy targets in quite safe manner. The smart bombs are formed by attaching seeker and control units to the conventional unguided bombs. The seeker type determines the type of the bomb. Television (TV), millimeter waves, laser, or infrared seekers may be employed. The seeker involves the target acquisition and tracking systems. It provides the bomb-target line-of-sight signal to the guidance section which in turn produce the guidance commands to the control unit. The control unit contains the control fins and the necessary subsystems for the instantaneous execution of the guidance commands.
In this paper, attention will be paid to the design of the bomb guidance loop. The design process passes through two steps. In the first step, an identification to the bomb airframe is carried out. The nonlinear flight dynamical behavior of the airframe is linearized around a chosen trim operating point. The identification is made via a six-degrees-of-freedom (6-DOF) flight model of the bomb, wherefrom the transient response of the airframe is computed. Out of this step, the transfer function of the bomb airframe (that relates the airframe maneuver to the control fins deflection) is obtained. In the second step, the guidance loop is analyzed. First, Ideal (inertialess) and real (with finite inertia) seekers are considered. In view of the problem kinematics, the guidance loop stability can not be maintained throughout the flight. The design criterion is that the stability of the guidance loop is maintained over most the entire bomb flight trajectory. It is shown that this can be achieved via a proportional-plus-differential (PD) controller that is placed in the bomb board.
In this paper, noise free system is considered as a primary step in the design. However, the effect of inherent noises and external disturbances can be studied by inserting them as additional inputs to the seeker, and this is beyond the scope of the present paper.
INTRODUCTION:
Although many types of guided bombs had been developed, only two types are proven to be effective in the operational use, [1] . These are the laser guided and electro-optical or TV guided "glide" bombs. They incorporate either a TV vidicon or a laser receiver and guidance and flight control system to accurately move the bomb control fins. TV guided bomb is equipped with a small vidicon which allows the pilot or co-pilot to monitor the target on a master TV screen in the cockpit. Once he has located a target in a standard visual manner, he shifts his view to the TV screen and using a hand control unit, centers the TV camera cross-hair's sights on the target. The pilot then activates a lock-on and releases the bomb which operates on its own and is guided automatically to the point on which its TV seeker has been locked. TV guided weapons are limited mostly to daylight hours, and good weather. Targets must have a high optical contrast for the TV camera to home-in. They can also be equipped with a TV data link, that displays in the cockpit exactly what the cam era in the bomb sees. This allows the pilot to remotely guide the bomb to the target if the need arises, [2, 3] .
Laser guided bombs are more frequently used against targets of opportunity, such as tanks, or other moving targets. Laser guided bombs are also used successfully against oil fields and power plants. TV guided bombs, on the other hand, due to their glide capability, are more suitable against targets presented in the vertical plane, such as railroad tunnels and caves. They are used where designation is not possible and targets have sufficient contrast. Since a bridge and river background present good contrast, TV guided bombs as well as laser guided bombs have been used against bridges.
The TV guided bomb has an edge in this respect because the laser bomb must be delivered very accurately within certain "basket" limitations, depending on the reflected laser beam. It is quite possible that a pilot could overshoot the "basket", if he goes too fast or approaches at an improper angle. Also, since laser guided bombs sometimes require a separate "spotter" plane, the chances of loss are increased. The size of the reflected laser beam or "basket" largely depends on the target itself and its optical surface qualities. If the target surface is diffusive, it will more widely scatter the laser beam and provide a bigger "basket". On the other hand, an optically smooth target would more closely reflect the incident laser beam and the "basket" would be considerably smaller. Of course, the pilot never sees the actual reflected laser energy. A laser seeker and display indicates to him when he is in the "basket area" and when to release the laser bomb.
There are two main advantages to the use of guided bombs. One is the lower overall cost, since fewer bombs are needed to hit the target. The second is that delivery aircraft is not locked into any prescribed flight path and can take evasive action at any time during the delivery run without affecting weapon accuracy. Two basic modes of delivery are used with TV guided bombs, direct and indirect. For direct attack, the bomb is locked onto the target before launch and flies autonomously to impact. For indirect attack, the bomb flies a programmed midcourse climb-plus-glide phase that extends stand-off capability to enhance aircraft survivability. Midcourse guidance updates are provided by means of the data link. When the target becomes into view after launch, the bomb system operator may elect to lock the electronic tracker on the target for automatic terminal homing, manually update the automatic track aim-point, or manually guide the bomb to target impact via the data link. The primary mode of operation is indirect attack.
In this paper, the TV guided bomb launched in the indirect attack mode is considered. The objective is to investigate the homing guidance system performance of the bomb. Thus, the nonlinear aerodynamic coefficients of the bomb are calculated, the 6-DOF simulation program is developed, and the linearized aerodynamic transfer functions of the bomb is obtained. The guidance loop of the bomb is designed and the stability of the loop is tested. The system is found conditionally stable when using ideal homing head and has acceptable missdistance and minimum stable LOS range. Using homing head with finite lags, makes the designed loop unstable and gives large missdistance. Adding PD controller in the forward path of the guidance loop, adds a zero to the left hand side of the imaginary axis in the root locus plot and pulls the root loci to the left. This improves the system stability and fulfills the desired design goals. This improvement is evaluated throughout the root locus plot, the system response, the bomb trajectory, and the missdistance, [4].
CALCULATION OF THE LINEARIZED AERODYNAMIC TRANSFER FUNCTIONS
The aerodynamic shape, axes, forces, moments, velocities, and angles are shown in fig. 1 The system of equations describing the vertical plane motion can be written according to the following equations, [5, 6] :
and a = 3 -0 .
(5) Where Fzi(a) is the lift force due to incidence a, Fzi(o) is the lift force due to control fin deflection 5, lw is the moment of inertia of bomb around y-axis, thy is the angular acceleration of bomb around y-axis, Myi(a) is the moment around y-axis due to incidence, My1(8) is the moment around y-axis due to control fin deflection 5, Mo(o)y) is the moment around y-axis due to angular movement coy.
Equation (2) describes the equilibrium of forces, along the (pitch) Z-axis. Equation (4) describes the equilibrium of moments around the y-axis, so it is also the rotation in the vertical plane. thy lw is the inertial moment due to the applied moment My1(6), the stabilizing moment Myi(a), and the damping moment Myl(coy). Equation (5) describes the kinematic relation between the incidence angle a, angle of bomb axis 3, and angle of flight path 0.
The aerodynamic fortes and moments, included in equation (2) and equation (4) These aerodynamic coefficients are fully expressing the nonlinear dependence of lifting forces and moments upon the incidence angle a and control fin deflection. Moreover, they are functions of flight velocity.
(2) (6) (7) (8) (9) (10)
Equations (2) to (10) are nonlinear due to the presence of the nonlinear sinusoidal functions and the nonlinear behavior of the aerodynamic coefficients. The first assumption is that the incidence angle a is so small such that: sin a = a and cos a = 1 . As well, the aerodynamic coefficients can be represented by their derivatives viz.
Cz(a) = CZa,
my(a) = m y " a.
(12) Where Cza and my" are the slopes of the lift coefficient and moment coefficient curves, respectively.
The second assumption is that the control fin deflection and body turn rate are small such that:
Cz(S) = Cz8 ,5, my(5) = my5 5, and y) = my`" w y.
(13) (14)
These assumptions are quite accurate during the steady operation of the guidance loop. However, their validity during the transient periods will be checked as shown in the next section. The third assumption is omission of the gravity component (mgcosO). Numerical computations show that the value of this term is slowly varying during flight and thus can be considered as a constant bias usually called gravity bias. This bias will be considered after the design of the guidance loop as a constant fin deflection dg that compensate the gravity effect. mVmO = C;aSq + q5Sq (16) th y lyy =m8 yoSqLf +m;caSqL f +my "co y Sq(L2f /Vm ) .
For simplicity, the following substitutions will be considered. The physical sense of the introduced coefficients al, a2, a3, a4, and a5 is as follows. al is the coefficient of lifting force by aerodynamic and flow effect. a2 and a3 are the coefficients of aerodynamic moments due to the control wing and the stabilizing moment of the angle of attack. a4 is the coefficient of a damping moment due to an angular speed of bomb rotation around the center of gravity. a5 is the coefficient of control fin lifting force.
written in the following form:
Using the above mentioned substitutions, equations (16) and (17) could be 6=a1a+as8 .
(23) y = a26 + a3a +a4o)y
The set of equations (23) and (24) (3) . This is attributed to the fact that, increasing fin deflection increases the incidence angle and thus the terms considered linear for small incidence and small fin deflection will no longer be linear. 
Inspection of the figures shows that the accuracy of the linearized model in steady state is not affected by the mach number variation. However, it is degraded by the increase of the control fin deflection, as shown in fig

Proceedings of the 8th ASAT Conference, 4-6 May 1999 Paper GC-02 1022
As well, the transient oscillations in the linear model damps faster than that of the nonlinear model which indicated that some of the nonlinear model poles in the left hand side of the S-plane are ignored during the derivation of the linear model equations. In the view of the above results, the linearized model equations given by 29, 30, 31, and 32 will be adopted throughout the design of the guidance loop in the coming sections. 
GUIDANCE LOOP ANALYSIS
The guidance loop analysis that will be considered is based on the linearized kinematical approach of bomb and target. This assumption is fairly adequate near the end of flight as shown in fig. 8 . The intercept position (I) is obtained from the straight line coffision courses of target and missile. If at the instant to, the target exerts maneuver given by ZT, the bomb will maneuver by ZM and the LOS turns by an angle 2t,p, [5, 8] .
The aerodynamic transfer functions shown in the model given by fig. 8 is obtained via the 6-DOF model presented by equations (1) to (32).
0
To Fig. 8 The bomb-target intercept geometry
The guidance loop is shown in fig. 9 . The bomb-target LOS angle as seen by the bomb is given by:
Vr is the bomb-target closing velocity, ti is the time-to-go and is given by: i T -t. Where T is the total flight time and t is the running time. . By multiplying the LOS turn rate with the navigation gain KPN, the demanded normal acceleration JNd is produced and applied to the fin servo input. The fin servo moves the control fins which forces the bomb to maneuver and deviates in the lateral direction with distance Zm.
Throughout the flight, the time-to-go i approaches zero. As well, the bomb speed decreases, which results in time-varying aerodynamic transfer function. Thus, the forward path gain increases, as the bomb approaches the target, which renders the guidance loop unstable beyond some time t=tr.
Obviously, well-designed guidance loop should be stable allover the flight time i.e. the closer tf to T, the better the guidance loop design. For t>tf, the bomb should be close enough to the target such that straight line course results in acceptable missdistance (zero-effort-miss).
In the present situation, the total flight time is 180 sec. tf is chosen to be 175 sec. The zero-effort-miss of the bomb after the time tf is calculated and equals 3.15 meters which is an acceptable value. At the time tf = 175 sec, the aerodynamic transfer function is obtained according to equation (32) 
The proportional navigation constant is chosen equals 5. The fin servo gain is (Ks=0.07 rad/v). The homing head gain Kh = 5 v.sec/deg (Kh=286.48 v.sec/rad). At tf equals 175 sec, the distance to go equals 1590 meters and Cosyfc.= 1. The root locus plot of this system is shown in fig. 10, [9,10] . In the previous analysis, the homing head is assumed ideal. However, more realistic design requires the inclusion of the finite lags associated with a homing head with second order transfer function. A second order homing head of the following form is used. The step response of the guidance loop, the Bode plot, and the root locus plot are shown in fig's 12,13 , and 14, respectively. The step response shows that the system achieve its steady state after long time (t=100 sec) with high overshoot. The Bode plot shows that the gain and phase margins are small (Gm= 2.1 dB and Pm=29°) . From the root locus plot, the guidance loop is stable for [K < 0.1249] which means that the smallest distance between the bomb and the target beyond which the system goes unstable is 56 Km which is not practical design.
Step response without PD controller 20 40 60 80 100 Time (secs) Fig. 12 Step response of the guidance loop • Thus, it is now necessary to add proportional plus differential controller (PD). Adding this controller to the system adds a zero to the root locus plot which pulls the root locus to the left and adds a margin of stability to the system, [11, 12] . The PD controller has the following form (Kp + KD S). Where Kp is the proportional factor and equals 1 and KD is the differential factor and equals 10. So, the zero added to the system is (S+0.1). Table 1 shows the location of zeros and the corresponding limit of gain K and minimum LOS range for the system to be stable. The obtained minimum LOS range values indicate that a major improvement in the system performance could be achieved by adding this zero. Beyond the minimum stable LOS range, the guidance system can be stopped and the bomb can achieve its mission successfully through the straight line course. The step response, the root locus plot, and the Bode plot of the guidance loop with the PD controller with zero at (-0.1) are shown in fig's 15, 16 , and 17, respectively. The step response shows that the system achieve its steady state after short time (t=30 sec) with small overshoot, which means that the response of the system with PD controller is faster than before. From the root locus plot, the guidance loop is stable for [K 40 .87] which means that the smallest distance between the bomb and the target beyond which the system goes unstable is 17.1 m which is acceptable for practical use. The Bode plot shows that the gain and phase margins are increased (Gm= 63.6 dB and Pm=41.7°).
Step response with PD controller 1. Fig. 15 Step response of the guidance loop with PD controller 
